For many years, research on carbon films has been stimulated by the need to simultaneously optimize their biological and mechanical properties and by the challenges related to their deposition on medical implants. The residual mechanical stress occurring inside deposited films is the most important mechanical parameter which leads to the total destruction of these films by cracking and peeling. In the present work, we systematically studied the effect of ion bombardment during the process of radio frequency plasma enhanced chemical vapor deposition (RF PECVD) by monitoring the temperature distribution on a cannulated screw using the infrared technique. The obtained experimental and finite element modeling (FEM) results show that stresses in carbon films deposited on a cannulated screw are quite inhomogeneous and depend on the geometry of the sample and the relative position of the studied contact area between the substrate/film interface and the surface of the film.
Introduction
The last decade has seen an increased interest in the surface modification of medical implants by applying different methods [1] [2] [3] . Carbon films (mainly diamond-like carbon -DLC) fabricated on medical implants by radio frequency plasma enhanced chemical vapor deposition (RF PECVD) have become one of the most intensively investigated options [4] [5] [6] [7] [8] . In this technique, the self-bias voltage of the substrate determines the structure and properties of the fabricated films. The square of the self-bias voltage in a specific reactor is proportional to the RF power and inversely proportional to the pressure in the system [9, 10] . The varying bias of the substrate not only affects the phenomena taking place on the surface of the growing film (in particular by increasing the substrate temperature), but it also influences the fragmentation of precursor molecules in the plasma [11] .
Residual stresses include intrinsic stress (which arises during film growth) and thermal stress caused by the differences in thermal expansion coefficients between the film and the substrate. For films fabricated using the RF PECVD technique, the value of the intrinsic stress is directly correlated with the fraction of sp 3 carbon atoms, which is in turn affected by the configuration of deposition parameters [9, 12] . High stress levels have several consequences as far as coating performance is concerned. In particular, a strong driving force is required to detach the coated elements, particularly if the film is relatively thick [9, 13] .
Several techniques, including X-ray and wafer curvature methods, have been applied to measure thin film stress values and to discover the mechanisms causing thin film deformation. However, in most cases these measurements have been limited to simple test structures. Furthermore, it is impossible to experimentally determine the exact stress distribution within a material. Yet, since it is useful to determine local stress distribution in complex structures, extensive finite element method (FEM) modeling was used in the study. This method provides us with the temperature distribution on the surface of a sample.
Thermography enables real-time local temperature measurement during the RF PECVD process. By using this infrared imaging technique, some functional characteristics of DLC film can be determined. The principle of thermography is based on the measurement of infrared radiation with an IR camera, taking into consideration the emissivity values of the measured objects and surfaces.
In the first part of the paper, temperature distribution on the surface of a cannulated screw was measured by an infrared camera at various parameters of the ion etching process. In the second part, the distribution of thermal stress was calculated on the basis of temperature measurement results using FEM and ANSYS software.
Experimental methods
The first step of the study was to measure temperature distribution in a cannulated screw made of AISI 316L steel during a radio frequency (RF, 13.56 MHz) plasma discharge in a vacuum system which is described in detail elsewhere [14, 15] . The sample was placed on a special stand in the center of an RF water-cooled electrode (cf. Fig. 1 ). The walls of the chamber acted as a second electrode. The temperature of the sample during the RF discharge was monitored through a silicon window with an infrared camera. The experiments were carried out for different methane and argon mixtures, with the working pressure varying from 5 Pa to 70 Pa. The power supplied to the electrode was in the range of 0.1-1.3 kW. Thereby, the value of the negative self-bias voltage changed from 300 to 800 V.
The infrared camera used in this study was a Titanium (Cedip Infrared Systems Corporation) with an InSb infrared detector and an integrated Stirling cooler. Detailed information about this IR camera is presented in Table 1 . Fig. 1 . Scheme of the monitoring system used to measure temperature distribution during the RF PECVD process; a cannulated screw is placed on the RF electrode on a steel stand The second step of the study was to analyze thermal stress distribution in the sample with the carbon film. Based on the quasi-axial symmetry of the cannulated screw (shown in Fig. 2a ) a two-dimensional discrete model of the sample was prepared using ANSYS software. The mesh size was decreased from 50 µm in the center of the sample to 25 nm near its surface (Fig. 2b) to take into consideration the influence of film thickness on stress distribution. The total number of elements was about 0.5 million. A simulation of the temperature distribution in the sample, consistent with the RF discharge process, was performed with a simple model based on convective heat transfer between a solid and a moving fluid:
where Q [W] is heat transfer per unit time, A is the heat transfer area of the surface (
] is the convection heat transfer coefficient of the process, dT [K] is the temperature difference between the surface and the bulk fluid.
In this way, we analyzed a cannulated screw submerged in warm gas and cooled by water flowing inside the electrode. Analysis was carried out using the element Plane 77 (a quadrilateral version of a 2-D 8-node thermal element with one degree of freedom, which is the temperature at each node) and the value of the convection heat transfer coefficient in the range shown in Table 2 (left column). To simplify the model, authors decided that radiation phenomena could be neglected in this case. Hence, it was easy to simulate the temperature values of the sample.
Analysis of thermal stress distribution during cooling was carried out using the element Plane 82 (a quadrilateral version of a 2-D 8-node structural element with two degrees of freedom at each node: translations in the nodal x and y directions) and the physical constants shown in Table 3 . 
Results and discussion
Reliable temperature measurement with a thermal camera required the object emissivity value to be constant during the whole plasma process. In our case, during thin film deposition experiments, the emissivity value of the substrate surface changed with film growth. This means that a full analysis of the temperature evolution of the sample during the RF PECVD process could not be performed for a methane plasma, which was used to deposit DLC film on a cannulated screw. Therefore, the temperature of the sample was measured over time for two parameters of argon discharge - Fig. 3 shows sample temperature maps of the screw surface at various time instants during an argon RF glow discharge. Energy transfer took place between the plasma and the surface of the cannulated screw. The substrate was heated (Fig. 4) , and after a certain time it reached a thermal equilibrium at the selected point of the screw. A balance of energy gain from plasma processes and energy losses determined this steady state. Energy was transferred from the substrate surface by convection to the gas, and by radiation and conduction along the sample to the electrode. Fig. 4 shows a profile of surface temperature distribution as a function of distance from the electrode (along the longitudinal axis of the screw) and the time of RF glow discharges for two different values of argon pressure (Fig. 4a -8 Pa and Fig. 4b -40 Pa) at the same self-bias voltage (800 V). A comparison of temperatures for these two plasma conditions shows that in the second case the temperature stabilized at a higher value than under the lower pressure. Since the self-bias voltage was constant in both cases, the surface temperature strongly depends on the RF power supplied to the electrode.
The influence of the supplied power and pressure on plasma parameters in front of the substrate was investigated by Woodworth et al. [16] . Studies on total ion flux and mean ion energy at different pressures and various RF power values in an inductively coupled argon plasma have shown that energy flux density mainly depends on the supplied power, and less so on the pressure. This result is consistent with our measure-ments of the temperature of the substrate surface affected by energy flux density.
The authors also considered a scenario involving changes in the temperature of the cannulated screw surface (described in Fig. 4) , which occur during the deposition of DLC films. The properties of those films are strongly dependent on the surface temperature. In the case of films deposited by the RF PECVD method during a methane discharge, Keudell and Jacob's observed a shift from deposition to erosion at a substrate temperature of 225
• C, and the beginning of film graphitization [17] . Fig. 4b shows that under a relatively high pressure and surface RF bias, the surface temperature at the selected point of the cannulated screw reached 500
• C. This means that at these points the film was thinner. By limiting the substrate temperature to 500
• C, it is possible to diffuse the carbon within the austenitic phase of AISI 316L steel without the formation of chromium carbides that hamper the corrosion resistance of the material. This was demonstrated in [18] [19] [20] , considering the behavior of the AISI 316L steel substrate at this temperature.
Before analysis of the thermal stress, a simulation of temperature distribution in the sample immersed in an RF plasma was performed by the simple model described above. In a numerical simulation, we found two values of h (Table 2 -right column) for which the obtained temperature distributions (not shown here) was in agreement with the experimental results obtained for an argon discharge at 8 Pa and an 800 V RF bias (Fig. 4a) . Fig. 2 (c) and (d) show sample temperature distribution maps for the selected thread corresponding to 50 s and 400 s of the RF discharge process.
The simulated substrate temperature in the cannulated screw (Fig. 2) and the different thermal expansion coefficients of the system (which was composed of a thin carbon film on AISI 316L steel) were used to analyze the distribution of thermal stress during cooling. This analysis was carried out using the physical constants shown in Table 3 . The thickness of the carbon film was 0.3 µm, with one exception -on the lower thread flank it varied from 0.3 µm to 0.1 µm (see Fig. 2d , where the film is marked). Thus, having a symmetrical temperature distribution on the upper and lower thread flanks (cf. Fig. 2d) , we were able to analyze the influence of geometry and thickness on stress distribution using a discrete model. Finally, we considered three profiles of stress across the substrate/film system: on the upper and lower thread flanks and on the thread crest (Fig. 5) . Fig. 5a shows the profiles of longitudinal stress for a selected node in the discrete model. The maximum value of compressive stress (which results from stress accumulation on the thread crest) is observed in the second profile. Subsequently, it steadily decreases, and at the distance of 8 µm from the surface, compressive stress turns into tensile stress. The maximum tensile stress is observed at the depth of 13 µm. In the case of the first and the third profile, the maximum compressive stress is observed in the upper layer of the film and then it achieves a value close to zero in the steel substrate.
The influence of film thickness on stress distribution is emphasized in the transverse stress profiles presented in Fig. 5b . The stress in the upper layer of the film in the first and the third profile is inversely proportional to the film thickness. Thus, for a thinner film in the third profile, the stress achieves a value of -3.7 GPa on the lower thread flank, whereas in the first profile the stress value for a film that is three times as thick is equal to -2.1 GPa. In the second profile, the transverse stress is tensile, with its maximum at a distance of 8 µm from the surface. Due to the inhomogeneity of the film thickness, the observed difference of stress values on the upper and lower thread flanks may lead to deformation of this part of the screw. If the screw were in the bone, this would cause the film to break, and thus the protection of the human body against metal ions by the DLC film would be compromised. 
Conclusions
In the present work, an infrared technique was successfully applied to monitor surface temperature distribution in a cannulated screw during the RF PECVD process. The obtained results were a prerequisite for developing a methodology to enable the reconstruction of the surface temperature of a sample submerged in an RF plasma, involving numerical modeling of thermal stress in a substrate/film system.
The results of finite element modeling showed that a simple model based on convective heat transfer between a solid and a moving fluid enables the reconstruction of the surface temperature of a sample, even if it has complicated geometry. The thermal stresses in the film and in the substrate are not uniform, and depend on the geometry of the sample and on the relative position of the studied contact area between the substrate/film interface and the surface of the film. The maximum compressive stress is observed in the upper layer of the thin film deposited on the thread of a cannulated screw, and steadily decreases with the distance from the surface. The methodology described in this work can also be used to study the mechanical properties of other thin films and small volume materials.
